Rituximab (RTX), used as first-line or second-line treatment in many immune-mediated disorders, is a chimeric monoclonal antibody, which recognizes human CD20 expressed on B lymphocytes, leading to their destruction.^[@R1]-[@R3]^

It is well attested that B-cell depletion occurs within days after RTX, affecting from pro--B cells to plasmablasts. B-cell reconstitution to reach pretreatment levels, mostly studied in adult populations, ranges from 2 months to more than 2 years after RTX administration. The factors involved in this reconstitution remain unclear, but treatment duration, underlying disease, age, concomitant treatments, and previous immunologic status have been described as putative factors.^[@R3],[@R4]^

Although long-lived plasma cells are not affected, a decrease in immunoglobulin levels is often observed after RTX treatment, predominantly affecting the immunoglobulin (Ig) M isotype. When this decrease is observed, most patients recover within 12 months following RTX administration.^[@R5][@R6][@R7]^ In some patients, severe hypogammaglobulinemia of IgG isotype occurs, requiring immunoglobulin replacement therapy (IRT).^[@R4]^

Despite the benefit of RTX in certain immune-mediated disorders, there are concerns regarding the risk of associated secondary immunodeficiency, which is frequently amplified in this population by the use of other concomitant immunosuppressant therapies.^[@R8]^ This is of special interest in children, who are more exposed to infections and have an immune system in development.^[@R9]^

To increase our understanding of the immunologic changes and infectious risk related to RTX use in nononcologic diseases, we analyzed the effects of a single cycle of RTX for the treatment of immune-mediated disorders in a pediatric population.

Methods {#s1}
=======

Retrospective study of immunologic reconstitution between June 2014 and February 2019 under clinical practice conditions, including patients aged ≤18 years, diagnosed with an immune-mediated disorder (nonmalignant diseases) comprising neuroimmunologic, nephrologic, dermatologic, and rheumatologic diseases, and treated with 1 induction cycle of RTX in accordance with the recommended guidelines or in-house protocols for each disease.^[@R10][@R11][@R12]^ All patients were followed at the Clinical Immunology Unit, in which a specific post-RTX immune reconstitution monitoring protocol has been developed that includes a clinical and analytical control every 3 months until full stable B-cell and immunoglobulin recovery is achieved ([table 1](#T1){ref-type="table"}). Patients having received a single cycle of RTX and with a follow-up greater than 12 months after RTX were included in the analysis of persistent dysgammaglobulinemia. The decision to choose the 12-month time point was based on previous publications showing that when dysgammaglobulinemia is observed after RTX, most patients recover within 12 months.^[@R5][@R6][@R7]^ Because only single-cycle RTX immunologic impact was analyzed, once a patient received a second cycle of RTX, they were excluded for subsequent analysis. Patients with a previous diagnosis of malignant disease or primary immunodeficiency were excluded. The study has been reviewed and approved for its publication by the ethics committee of our institution.

###### 

Protocol for immunologic follow-up of patients treated with RTX in our center
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We obtained patient information (sex, age at RTX infusion, ethnicity, consanguinity and family history, RTX dosage, concomitant immunosuppression, and infections) from clinical charts or interviews during follow-up visits. For the analysis, RTX dosage was categorized as concentrated regimen (1--2 doses at 500--750 mg/m^2^ separated by 2 weeks) vs nonconcentrated regimen (4 weekly doses at 375 mg/m^2^). Laboratory data analysis included complete blood count; immunoglobulin levels (IgG, IgM, and IgA \[ARCHITECT c Systems and AEROSET System. Immunoturbidimetric measure\]); percentage of CD4^+^ T cells, CD8^+^ T cells, CD19^+^ B cells, and B-cell immunophenotyping (naive \[CD19^+^IgM+/IgD+\]; memory \[CD19^+^CD27^+^IgD+\], switched memory \[CD19^+^CD27^+^IgD−\], and plasmablasts \[CD19^+^IgM−CD38^++^\]) (flow cytometry using BD Biosciences, San Jose, CA, USA, FACS Canto II, normal range for age obtained from Schatorjé et al.^[@R13]^). Dysgammaglobulinemia was defined as a decrease of 2 SDs below age reference values of at least 1 immunoglobulin isotype (IgG and/or IgM and/or IgA).^[@R14]^

Statistical analysis {#s1-1}
--------------------

Categorical and continuous variables were described as percentages and median values and IQR (p25-p75). We applied the Fisher exact test or Mann-Whitney *U* test for the comparative analysis of baseline characteristics and at 12 months post-RTX as appropriate for the data set. We used Pearson and Spearman tests to identify correlations between quantitative variables. The analysis was performed using SPSS version 15.0 software (SPSS Inc., Chicago, IL), and statistical significance was set at *p* ≤ 0.05.

Results {#s2}
=======

We recruited a total of 20 patients comprising neuroimmunologic, nephrologic, dermatologic, and rheumatologic diseases **(**table e-1, [links.lww.com/NXI/A242](http://links.lww.com/NXI/A242)). Median age at first RTX was 12.8 (IQR 6.6--15.5) years. Of note, 8/20 patients received the concentrated RTX regimen and 12/20 the 4-weekly regimen according to the recommendations for each disease.^[@R10][@R11][@R12]^ All patients had received immunosuppressants previously and/or concomitant with RTX (9/20 \[45%\] steroids alone; 11/20 \[55%\] steroids and second-line immunosuppressants) (table e-1, [links.lww.com/NXI/A242](http://links.lww.com/NXI/A242)).

All but 1 patient with underlying nephrotic syndrome (P17, figure e-1, [links.lww.com/NXI/A240](http://links.lww.com/NXI/A240)) had normal IgG levels before RTX. Two patients had low baseline levels of B-cell percent, and 2 patients showed low baseline switched memory B cells (table e-1, [links.lww.com/NXI/A242](http://links.lww.com/NXI/A242), and table e-2, [links.lww.com/NXI/A243](http://links.lww.com/NXI/A243)**)**.

The presence of dysgammaglobulinemia was analyzed 12 months after RTX.^.^ After excluding 6 patients (3 because of additional RTX cycles before 12 months, 2 because they had not reached 12 months of follow-up, and in one data was missing for this timepoint), 14 patients remained on follow-up at 12 months after receiving RTX (figure e-1, [links.lww.com/NXI/A240](http://links.lww.com/NXI/A240)). Regarding B cells, 2/14 patients (14.3%, P6 and P12) remained with complete B-cell depletion, and 9/14 (64.3%) had not reached normal percentage of B cells (table e-2, [links.lww.com/NXI/A243](http://links.lww.com/NXI/A243)). B-cell subphenotype showed normal or high per age range values of naive B-cell levels in all patients, while 3/9 patients had low levels of B memory cells and 6/9 had normal levels (table e-2, [links.lww.com/NXI/A243](http://links.lww.com/NXI/A243)). Of the 6 patients on follow-up 24 months post-RTX, because they had not previously reached fully immune recovery and were not RTX-retreated, 3/6 remained with low levels of B cells.

Regarding immunoglobulin levels, 5/14 (36%) had some degree of persistent dysgammaglobulinemia (isolated hypo-IgG (1), isolated hypo-IgA (1), hypo-IgG and A (1), hypo-IgG and IgM (1), and hypo-IgA and M (1)), affecting IgG concentrations in 3. At 24 months post-RTX, 2/6 persisted with dysgammaglobulinemia.

Comparative analysis between patients with and without dysgammaglobulinemia 12 months after RTX {#s2-1}
-----------------------------------------------------------------------------------------------

###### 

Comparison between patients with and without dysgammaglobulinemia 12 months after a single cycle of RTX
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We observed differences in demographics and underlying disease in patients with or without dysgammaglobulinemia ([table 2](#T2){ref-type="table"}): the 5 patients with dysgammaglobulinemia showed a tendency toward being younger at the time of RTX treatment (7.8 years vs 15.6; *p* = 0.072), all had underlying neuroimmunologic diseases (5/5 vs 0/9 patients; *p* \< 0.001), and they had received more frequently the concentrated RTX regimen (3/5 vs 1/9; *p* = 0.05) in comparison with patients without dysgammaglobulinemia. No increased use of previous or concomitant immunosuppressants was observed in the group with dysgammaglobulinemia. Indeed, most patients with underlying neuroimmunologic conditions, which more frequently developed dysgammaglobulinemia, received steroids alone (only 1 patient combined with cyclophosphamide) before RTX (table e-1, [links.lww.com/NXI/A242](http://links.lww.com/NXI/A242), and [table 2](#T2){ref-type="table"}).

No statistically significant differences were found between the 2 groups regarding baseline IgG, IgM, and IgA levels (IgG *p* = 0.178, IgM *p* = 0.966, IgA *p* 0.299). The percentage of basal B cells was lower in patients with neuroimmunologic disease (10%) in contrast to non-neuroimmunologic disease (31%) (*p* = 0.01, figure e-2, [links.lww.com/NXI/A241](http://links.lww.com/NXI/A241)), but the levels were not pathologic in any of the groups, and no differences in B-cell subphenotype were observed ([table 2](#T2){ref-type="table"}).

To gain insight in the characteristics of the dysgammaglobulinemia, we evaluated the kinetics on its evolution. [Figure 1](#F1){ref-type="fig"} represents the kinetics of instauration of dysgammaglobulinemia in the 20 patients included in the cohort. Three months after RTX treatment, patients with underlying neuroimmunologic disorders already showed a tendency toward lower levels of immunoglobulins (IgG *p* = 0.267, IgM *p* = 0.087, IgA *p* 0.075), which at 6 (IgG *p* = 0.036, IgM *p* = 0.011, IgA *p* 0.015) and 12 months (IgG *p* = 0.048, IgM *p* = 0.046, IgA *p* 0.029) was statistically significant. At 24 months, 4 patients persisted with some degree of decreased B-cell numbers and/or dysgammaglobulinemia, of which 3 had an underlying neuroimmunologic disease.

![Post-RTX evolution of immunoglobulin levels ((A) IgG, (B) IgM, and (C) IgA) in pediatric patients with neuroimmunologic vs non-neuroimmunologic diseases (IgG levels are expressed using normalized levels according to normal age ranges)\
One patient with baseline hypo IgG due nephrotic syndrome (P17) was not included for the IgG kinetics analysis. Ig = immunoglobulin; RTX = rituximab.](NEURIMMINFL2019026401f1){#F1}

Despite 5 patients developed dysgammaglobulinemia, only 1 patient (P6 who previously received cyclophosphamide) required IRT because of a severe hypogammaglobulinemia due to a prolonged B-cell aplasia after a first cycle of RTX. An additional patient (P3) required IRT after retreatment with RTX because of severe hypogammaglobulinemia and bacterial pneumonia. No other relevant infections were reported in the remaining patients.

Discussion {#s3}
==========

This study describes the demographic characteristics, immunologic changes, and clinical outcomes of 20 children with acquired immune-mediated disorders after a single cycle of RTX. The results of our analysis provide insights regarding the apparent good tolerance to RTX in pediatric patients with immune-mediated disorders, except for a possible enhanced susceptibility to dysgammaglobulinemia in neuroimmunologic diseases.

In adults receiving RTX for nononcologic diseases, complete B-cell count recovery usually occurs at 2--6 months.^[@R5],[@R6]^ In the context of malignancy, the recovery takes place 1--2 years afterward or later.^[@R5][@R6][@R7]^ There is a lack of systematic immunologic follow-up of pediatric patients receiving RTX, but recent studies reveal that in nononcologic conditions, recovery of B cells occurs later than in adults at 6--12 months.^[@R15],[@R16]^ This timing is consistent with our observations. Complete B-cell depletion at 12 months post-RTX can be seen in up to 10% of patients.^[@R17]^ In our cohort, at 12 months post-RTX, 64.3% of patients had not yet reached full B-cell reconstitution, higher than expected, and 2/14 remained with complete B-cell depletion (table e-2, [links.lww.com/NXI/A243](http://links.lww.com/NXI/A243)).

There are a few published reports regarding B-cell subphenotype in RTX-treated patients. It has been reported that patients with previously decreased switched memory B cells may be at a greater risk of developing abnormalities and hypogammaglobulinemia.^[@R4]^ In our cohort, 2 patients showed low baseline levels of switched memory B cells, but only one of them developed dysgammaglobulinemia. On B-cell reconstitution, naive phenotype predominated, as expected, but interestingly, 12 months post-RTX, 6 patients already showed normal levels of memory B cells. No differences in the B-cell subphenotype on B-cell reconstitution were observed between patients who developed dysgammaglobulinemia and those who did not.

In terms of impaired antibody production, some factors have been associated such as certain underlying diseases, previous hypogammaglobulinemia,^[@R18]^ and concomitant chemotherapy, whereas others remain unknown.^[@R1],[@R4],[@R19]^ In our cohort, all patients (except 1 with nephrotic syndrome) had previous normal levels of immunoglobulins. In the majority of published studies conducted in adults with nononcologic diseases receiving RTX, the proportion of low IgM seems to be greater than the prevalence of low IgG.^[@R1]^ The data available on immunoglobulin levels after RTX in children with nonmalignant disease are nonhomogeneous.^[@R1]^ Although some report patients with immunoglobulins in the low level of normal range, others report mild hypogammaglobulinemia^[@R1]^; still, it seems that a major impact on IgM levels is observed as well.^[@R1],[@R20][@R21][@R22]^

Persistent dysgammaglobulinemia 12 months after RTX is less commonly observed.^[@R1]^ In our cohort, 12 months after RTX, 5/14 (36%) patients presented dysgammaglobulinemia (3/5 including hypo-IgG), despite complete recovery of B-cell count in 3 of them. Surprisingly, all patients with persistent dysgammaglobulinemia at 12 months had underlying neuroimmunologic diseases, and in 4/5, immunoglobulin level alterations had already appeared 3 months after RTX. This fast-established alteration is rarely reported^[@R23]^ and is even more significant if we consider that in 2/4 patients, these alterations persisted after 24 months. An important immunologic impact of RTX in neuroimmunologic patients (children and adults) has recently been reported,^[@R24],[@R25]^ although many re-treated patients were included in the analysis, making the results not comparable to ours.

The observed selective occurrence of cases of persistent dysgammaglobulinemia among neuroimmunologic patients was unexpected. Factors that have been associated with higher risk of dysgammaglobulinemia and which might explain the enhanced humoral impact in these diseases in comparison with other immune-mediated diseases included are age at the time of RTX, more concentrated doses of RTX, concomitant immunosuppressants, and/or a possible previously undetected underlying immune disorder.

Regarding age at RTX treatment, patients with neuroimmunologic disorders were younger than the other group. This susceptibility associated with age has recently been reported in a similar pediatric cohort in patients with neuroimmunologic diseases.^[@R17]^ In fact, our post-RTX protocol based on published recommendations ([table 1](#T1){ref-type="table"}) indicates IRT in patients receiving RTX less than 2 years old due to the associated infectious risk ascribed to their reduced immune repertoire.^[@R26]^ Nevertheless, RTX was also administered in very young patients in the group of non-neurologic disorders, without consequences. Thus, age might only partially explain this observation.

Regarding RTX dose, 3/5 patients with neuroimmunologic disorders more frequently received the concentrated RTX regimen compared with the rest of the cohort. Although the cumulative dose is lower with this regimen (1000 vs 1500 mg/m^2^), the intensity is higher. The recommendations for the use of higher doses of RTX in neuroimmunologic disorders are based on recent publications showing better clinical results compared with the less intense regimen.^[@R12]^ These good results are attributed to higher extravascular B-cell depletion^[@R27]^ and to increased CNS concentrations.^[@R12]^ Higher doses of RTX can induce another mechanism of B-cell depletion, causing a more prominent plasma cell destruction, which could explain this early immunoglobulin impairment. This phenomenon is called shaving. During shaving, RTX-CD20 complexes removed from B-cell surface are released through circulation, arriving at the bone marrow, where they link with FcyRIIIB-expressing plasma cells, leading to their apoptosis.^[@R28]^ Although this phenomenon may contribute to the observed early-onset dysgammaglobulinemia, it still does not explain the full picture because only 3/5 patients with neuroimmunologic diseases received the concentrated RTX regimen.

Regarding the role of concomitant immunosuppressant treatment, in our cohort, all patients had previously received several lines of immunosuppressants. Indeed, 1 of the 2 patients with permanent complete B depletion (0%--1% B cell) had previously received cyclophosphamide, but 2 other patients of the cohort with non-neuroimmunologic diseases also received cyclophosphamide with no dysgammaglobulinemia. Curiously, patients with neuroimmunologic disorders had received fewer previous or concomitant immunosuppressants ([table 2](#T2){ref-type="table"}). In the literature, the results of the different published studies often display contradictory conclusions.^[@R29],[@R30]^ Some correlate the use of cyclophosphamide and purine analogs^[@R31]^ or high doses of steroids with the development of hypogammaglobulinemia; however, mixed treatments used in clinical practice hamper the analysis of the specific impact of each drug on the immune system.

Finally, another hypothesis is the underlying disease itself because all patients with neuroimmunologic diseases developed dysgammaglobulinemia, irrespective of the regimen dose or age. It is difficult to elucidate the role of disease because the few published information on the immunologic impact of RTX in neuroimmunologic disorders has been obtained from adult cohorts in which RTX retreatment (monthly or every 6 months depending on the regimen and patient) represents the current management.^[@R23]^ Under these conditions, 30% of patients have been described to develop hypogammaglobulinemia at some stage during RTX therapy.^[@R23]^

In our cohort, we did not observe B-cell subphenotype differences at baseline or after RTX, and different neuroimmunologic diseases were included, with different mechanisms of pathogenesis (3/5 patients with recurrent anti--myelin oligodendrocyte glycoprotein--associated central nervous inflammatory disease and 2/5 with anti--NMDA receptor encephalitis), making it difficult to reinforce this hypothesis. Nevertheless, it cannot be ruled out that an unidentified intrinsic B-cell defect underlies these diseases, which might then be magnified by the use of high doses of RTX.

The sample size is a limitation of the study, and observations need to be replicated in larger studies. Nevertheless, the kinetics of the dysgammaglobulinemia in the subgroup of patients with neuroimmunologic disorders are consistent among the patients. Also, patients included in this study reflect common clinical practice.

In conclusion, we have analyzed single-cycle RTX-induced humoral alterations in a cohort of pediatric patients with immune-related disorders. We have observed more frequent alterations than expected compared with previously published results, in particular in patients with neuroimmunologic diseases. Still, the increase in infectious risk is low. Patients with neuroimmunologic diseases show a particular pattern of dysgammaglobulinemia with early onset. This finding might be ascribed to a combination of the underlying disease, younger age, and/or higher concentration of RTX dose. These observations are of special interest because retreatment with RTX is becoming current practice in many of these diseases, which may increase the number of patients that develop dysgammaglobulinemia.^[@R10][@R11][@R12]^ Further studies are needed to confirm these observations and to explore the underlying immunologic mechanisms involved.
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